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Introduction
In the frame of microtechnologies, aluminium oxide (Al2O3) has been investigated for several applications: as a "high-k" material for MOS gate oxide [1, 2] , as an ion-sensitive and passivation layer for FET-based microsensors [3, 4] , as a passivation layer for OLED and solar cell devices [5, 6] , as a luminescent material for dosimeters [7] ,... As a consequence, many processes based on physical and/or chemical deposition techniques were developed in order to integrate alumina thin films with optimized properties into the corresponding fabrication processes: electron beam evaporation [8, 9] , pulsed laser deposition [10] , sputtering [11] , chemical vapour deposition [12] , metal-organic chemical vapour deposition [13] , plasma-enhanced chemical vapour deposition [14] ,... Among them, atomic layer deposition (ALD) was thoroughly studied for the conformal deposition of Al2O3 thin films [15] [16] [17] , emphasizing the use of tri-methyl-aluminium Al(CH3)3 (also called TMA) as an aluminium source and water (H2O) as an oxidant source [18] [19] [20] [21] [22] [23] [24] [25] . Nevertheless, other sources such aluminium trichloride (AlCl3) as well as dioxygen (O2) and ozone (O3), were also developed in parallel using plasma-enhanced atomic layer deposition (PE-ALD) in order to reduce the impurity content in the grown Al2O3 film and improve their dielectric properties [24] [25] [26] [27] [28] .
In the different studies related to the ALD process [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , the presence of a steep interface was systematically assumed between the Al2O3 films and the silicon substrate, which allows simplifying the determination of the ALD growth rate per cycle as well as defining different growth types: linear, substrate-enhanced and substrate-inhibited [29] . This "steep interface" assumption seems obvious when considering the atomic layer deposition principles. Nevertheless, since other physical and chemical phenomena occur during the ALD process, it seems crucial to investigate the ALD film layer structure in more detail [30] . This paper proposes, firstly, to investigate the interfacial properties between the silicon substrate and PE-ALD alumina thin films deposited from Al(CH3)3/O2 precursors, and, secondly, to study the structural, optical, mechanical and dielectric properties of the grown layers, focusing on the impact of a post-growth rapid thermal anneal step (in the 500°C -1100°C temperature range) on their evolution.
Experimental details
Growth experiments were carried out in a FIJI F200 ALD equipment developed by CAMBRIDGE NANOTECH company. Prior to deposition, 100mm (100) silicon substrates were cleaned into diluted hydrofluoric acid (HF -10%) to remove any oxide layer. After this HF cleaning, the native SiO2 layer was still estimated around 0.7 nm by ellipsometry. Then, Al2O3 films were deposited using conventional experimental conditions (deposition temperature: 300°C, base pressure: ~ 70 mTorr) from tri-methyl-aluminium Al(CH3)3 (TMA) and dioxygen (O2) according to a standard routine: TMA injection in gaseous phase (injection duration: 0.025 s), purge (argon: 180 sccm, duration: 6 s), plasma O2 exposure (O2: 20 sccm, plasma power: 300 W), purge (argon: 180 sccm, duration: 6 s). These experimental conditions and durations were chosen in order to saturate the ALD growth rate while preventing any undesirable gaseous mixing [24, 25, 27] . Thus, Al2O3 growth occurs according to the binary reaction sequence [31] :
where -AlOH*, -Al-O-Al(CH3)2* and -AlCH3* represent surface species while monofunctional adsorption is assumed for simplification.
Thermal anneals were performed in an AnnealSys AS-Master-2000HT rapid thermal process (RTP) equipment using two different gaseous atmospheres (N2/H2 or O2). Aluminium oxide films were etched using (i) phosphoric and hydrofluoric acids (H3PO4 85% and HF 5%) for wet etching as well as (ii) a Cl2 dry etching gas in an ICP-RIE (Inductively coupled plasma reactive ion etching)
Trikon Omega 201 equipment (ICP power: 500 W, bias power: 25-100 W) [32] .
Structural, optical, mechanical and dielectric properties of aluminium oxide thin films were studied using numerous characterisation techniques. Alumina films were studied by spectroscopic ellipsometry using an Uvisel equipment from Horiba Jobin Yvon, in order to estimate deposited thicknesses as well as optical indexes at a 450 nm wavelength. Growth rates per ALD cycle were finally calculated by dividing the deposited thickness by the ALD cycle number. The accuracy of these measurements was estimated to be ± 2%.
Wafer curvature measurements before and after PE-ALD film deposition were also performed by profilometry. Since the deposited films were very thin compared to the silicon substrate (thickness: ~ 500 m), their residual stress was finally calculated thanks to the Stoney's formula [33, 34] . The accuracy of the whole technique was estimated at ± 5%. spectrometer JEOL CENTURIO in order to analyse atomic compositions at the nanoscale (resolution: 2 nm). Before the experiments, the EDX spectrometer was calibrated using a monocrystalline sapphire sample. Then, ~100 nm-thin TEM samples were prepared from Al2O3 films using a FEI Helios 600i FIB (Focused Ion Beam) equipment. GIXRD (Grazing Incidence Xray Diffraction) experiments were also performed using a Bruker D8 Discovery diffractometer (Xray source and associated wavelength: K1 copper, 0.154056 nm) in order to study alumina film crystallinity.
Results and discussion

Mean growth rate per ALD cycle and refractive index
Alumina films characteristics were studied by spectroscopic ellipsometry taking into account the 0.7 nm native silicon oxide layer present after HF clean. Thus, assuming steep interfaces for the Si/SiO2/Al2O3 structure, the deposited thickness, i.e. the mean growth rate per ALD cycle gr, as well as the refractive index at a 450 nm wavelength n450nm were estimated (figure 1). From these first results, the studied TMA/O2 PE-ALD process appears to be characterized by a substrate-enhanced growth [29] with an apparent gr value around 0.09 ± 0.01 nm for the highest number of ALD cycles.
Nevertheless, the associated refractive index variations are quite surprising since the n450nm apparent value increases from 1.47 (i.e. similar to silicon dioxide SiO2) at the early stages of the growth, up to 1.67 for the highest number of cycles, i.e. far lower than the value known for bulk monocrystalline alumina or sapphire: n450nm = 1.78 [35] .
In order to check the steepness of the different interfaces and to have a better analysis of these results, TMA/O2 samples were characterized by TEM coupled with EDX spectrometry. According to these results, it appears that, for ALD cycle number lower than 100 (i.e. for film thickness lower than 10 nm), silicon oxidation occurs during the "TMA injection -plasma O2"
routine. Since only native oxide is present on the silicon substrate, this phenomenon is responsible for the growth of the underlayer oxide layer. Moreover, rather than an alumina Al2O3 film, an aluminosilicate AlxSiyO one is simultaneously formed on top, leading to the formation of a SiO2/AlxSiyO structure. On the contrary, for ALD cycle number higher than 200 (i.e. for film thickness higher than 20 nm), the TMA/O2 PE-ALD routine is efficient and allows to effectively deposit alumina atomic layers on top, leading to a final AlxSiyO/Al2O3 structure.
Such experiments clearly show that silicon oxidation and the associated diffusion phenomena interfere with the TMA/O2 PE-ALD process. This scenario was confirmed by studying a 300-cycle PE-ALD films deposited on top of a thermally oxidized silicon substrate (SiO2 thickness: ~10 nm, cf. table 1, bottom row). In this case, considering the TEM/EDX resolution (2 nm), no aluminosilicate layer was evidenced and only alumina was effectively deposited, leading to a final SiO2/Al2O3 structure with steep interfaces (figure 4). Such result is consistent with the interference of silicon oxidation during the first ALD cycles: the thicker the oxide underlayer, the less effective the silicon oxidation phenomenon will be, resulting in a thinner aluminosilicate intermediate layer.
As a matter of fact, it finally appears that the initial SiO2/AlxSiyO bilayer transforms into an aluminosilicate monolayer prior to forming the final AlxSiyO/Al2O3 structure. Such transition is expected to be controlled by the diffusion of oxygen, aluminium and silicon atoms during the PE-ALD process (performed at 300°C), as already shown for hafnium oxide thin films deposited by ALD [36] . In order to check this assumption, the 600-cycle AlxSiyO/Al2O3 film was annealed for 5 minutes under an O2 gaseous atmosphere at different temperatures (750°C and 900°C). Indeed, TEM/EDX characterizations showed that the aluminosilicate AlxSiyO underlayer broke up in order to participate to the formation of both SiO2 lower layer and Al2O3 upper layer (table 2 and figure 5 ).
Thus, the thermal diffusion and rearrangement of oxygen, aluminium and silicon atoms into a Si/SiO2/Al2O3 structure with steep interfaces was effectively demonstrated.
In view of these results, the values of film deposited thickness and refractive index, initially determined by spectroscopic ellipsometry, were reconsidered assuming the formation of a SiO2/AlxSiyO/Al2O3 structure in all samples, independently of the number of PE-ALD cycles. Thus, in all cases, the refractive index at a 450 nm wavelength n450nm of the Al2O3 upper layer was estimated around 1.64. In parallel, the mean growth rate per ALD cycle gr was finally estimated around 0.08 ± 0.005 nm whatever the number of ALD cycles.
Thus, it is finally shown that the TMA/O2 PE-ALD process is not characterized by steep interfaces. For low ALD cycle numbers (lower than 100), the "TMA injection -plasma O2" routine is responsible for the silicon substrate oxidation, i.e. for the growth of a SiO2 underlayer, and, subsequently, for the deposition of an AlxSiyO aluminosilicate film. Taking into account this phenomenon, it is clear that no substrate-enhanced growth occurs at the early stages of the growth process, as previously assumed. Indeed, apart for the initial regime, the TMA/O2 PE-ALD process occurs in a standard way, allowing the deposition of stoichiometric alumina Al2O3 with a linear growth mechanism, i.e. with a constant growth rate.
In the following, investigations will focus on the physical/chemical properties of TMA/O2 PE-ALD films obtained for high numbers of ALD cycles (higher than 400). For such high ALD cycle numbers, the influence of the aluminosilicate AlxSiyO lower layer is negligible ( figure 1 ), allowing to consider a global SiO2/Al2O3 structure. According to our analyses, this assumption is related to measurement errors around ± 4% for the alumina film thickness and related parameters (see hereafter).
Thermal annealing influences
Since as-deposited alumina films were characterized by refractive index lower than expected, the influence of thermal annealing was investigated in detail. Thus, different rapid thermal annealing processes (duration: 5 minutes, gaseous atmospheres: N2/H2 and O2) were performed at increasing temperatures, i.e. from 500 to 1100°C, on different 400-cycle alumina samples. In both gaseous ambiences, the refractive index at a 450nm wavelength was found to increase with annealing temperature ( figure 6 ). Starting at 750°C from the as-deposited n450nm value around 1.64, a sigmoidal variation was evidenced to reach a final n450nm value around 1.72. Since such variations were already evidenced for ALD alumina films [37] and associated to crystallization phenomena for CVD silicon film [34] , X-ray diffraction analysis was performed on the different samples.
According to a previous study [38] , XRD spectra were studied in the [30° -72°] 2 angle range and more precisely around 67.8° (figures 7a and 7b). At this 2 angle value, starting at 800°C, the temperature increase is responsible for the appearance of an intensity peak that was previously related to crystallization phenomena (figures 7b and 7c). Thus, the refractive index n450nm increase with annealing temperature was effectively related to the transition from amorphous to polycrystalline alumina. As a result, the corresponding values were determined:
-PE-ALD amorphous alumina: n450nm ≈ 1.64
-PE-ALD polycrystalline alumina: n450nm ≈ 1.72
The n450nm value obtained for polycrystalline alumina was still lower than 1.78, evidenced for bulk monocrystalline alumina or sapphire [35] . As already shown for monocrystalline and polycrystalline silicon [34] , this discrepancy might be associated to the presence of amorphous grain boundaries in the polycrystalline Al2O3 films (figure 8).
Residual stress
The residual stress  of the different 900-cycle TMA/O2 PE-ALD films was studied by wafer curvature measurements and calculated using the Stoney equation while considering a SiO2/Al2O3
bilayer. Independently of the gaseous atmosphere (N2/H2 and O2), similar variations were evidenced as a function of the annealing temperature ( figure 9 ).
Initially, the as-deposited alumina films were characterized by a "no-stress" configuration ( ≈ +10 MPa). Then, a first increase was evidenced between 500 and 700°C to reach a +300 MPa tensile stress. This phenomenon could be related to the diffusion of oxygen, aluminium and silicon atoms into the film occurring at such temperature and therefore associated to the rearrangement of the AlxSiyO/Al2O3 structure towards the SiO2/Al2O3 one (see section 3.1 above). Then, a second sharp increase was evidenced between 750 and 800°C to reach very high tensile stress values ( ≈ +2200 MPa). As shown by Krautheim et al. [39] and as seen previously (see section 3.2 above), this phenomenon should be related to film crystallization and therefore to the transition from amorphous to polycrystalline alumina. However, if a sigmoidal stress variation was expected (as shown for amorphous silicon crystallization [34] ), a third phenomenon responsible for compressive stress was shown to interfere for temperature higher than 800°C. Thus, a stress decrease was finally evidenced for the highest temperatures. This last phenomenon is not clearly explained. Since it was obtained for both gaseous atmosphere (N2/H2 and O2), it cannot be due to silicon oxidation phenomena (negligible for stress measurement) but should be related to some phase transition into polycrystalline alumina [39] .
Dielectric constant
The dielectric constant r of different 400-cycle TMA/O2 PE-ALD films was studied by capacitance-voltage (C-V) measurements at different frequencies (1, 10, 100 and 1000 kHz) and analysed as a function of the annealing temperature (gaseous atmosphere: O2). Measured C-V curves are characteristics of a Metal-Insulator-Silicon capacitive structure (results not shown), enabling the determination of the capacitance in accumulation Cacc. Finally, the insulator equivalent dielectric constant r was estimated using the planar capacitor equation while considering a SiO2/Al2O3 bilayer. As shown for the refractive index n450nm (see section 3.2 above), a typical sigmoidal variation was obtained, evidencing a dielectric constant increase from 8.5 to 10.2 with temperature ( figure 10) . Again, this variation should be related to crystallization phenomena of alumina between 750 and 850°C. As a result, the dielectric constants of amorphous and polycrystalline alumina were determined:
-PE-ALD amorphous alumina: r ≈ 8.5
-PE-ALD polycrystalline alumina: r ≈ 10.2
These  values are in good agreement with standard value obtained for bulk monocrystalline alumina or sapphire [40].
Etch properties
Since the integration of TMA/O2-based Al2O3 PE-ALD films is planned for the realization of microtechnological devices, their chemical and physical etch properties were also studied (table 3) .
Concerning wet etching, phosphoric acid H3PO4 was found to be ineffective while hydrofluoric acid HF was only effective for amorphous Al2O3 (etch rate: 40 nm/min). In order to etch polycrystalline Al2O3, a Cl2-based dry etch in an ICP-RIE equipment was implemented. Thus, depending on the ICP power, the etch rate was found to increase linearly up to 90 nm/min for amorphous Al2O3, while it saturates at a maximal value of 40 nm/min for polycrystalline Al2O3. According to our results, a bias power of 50 W is proposed in order to effectively and selectively etch any TMA/O2-based Al2O3 PE-ALD films.
Conclusion
In summary, PE-ALD Al2O3 thin films (thickness range: 6 -72 nm) were deposited on silicon substrates using TMA/O2 precursors. TEM/EDX investigations evidenced the formation of different transition layers depending on the number of ALD cycles. For low ALD cycle numbers (lower than 100), it was demonstrated that the TMA/O2 PE-ALD routine is not efficient to deposit alumina atomic layers because of silicon oxidation phenomena. As a result, the initial formation of a The influence of post-growth thermal annealing was also investigated. Thanks to XRD analysis, crystallization of Al2O3 films was found to start at a temperature of 750°C. Then, thermally induced atomic rearrangement within the Al2O3 structure was found to be responsible for sigmoidal increases of various parameters with increasing temperature, such as the refractive index at a 450 nm wavelength n450nm, the residual stress  and the dielectric constant r. Thus, the corresponding properties of amorphous and polycrystalline alumina were finally determined. The results obtained in this work allow to have a better understanding of the PE-ALD-Al2O3 film deposition process and related properties. They will be helpful for the integration of thick (> 20 nm) alumina layers in the frame of micro/nano-technological applications. 
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